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Neutron star showing intense magnetic field lines and energetic beams radiating. (Image Credits: European Space
Agency)

Neutron stars are among the most fascinating objects in the universe. They represent the final
evolutionary stage of massive stars that have exhausted their nuclear fuel and undergone catastrophic
supernova explosions. Although neutron stars appear as compact celestial objects from a far, they
possess a highly structured interior. Their composition changes dramatically from the surface to the
core. Scientists study neutron stars to explore the behavior of matter under extreme conditions, test the
laws of nuclear physics, and gain insight into the evolution of stars and galaxies.

I BIRTH OF NEUTRON STAR
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Formation of a Neutron Star (Image Credits:

over, causing a rapid collapse of the core, which is
roughly the size of Earth. During this intense
compression, temperatures rise to billions of
degrees. High-energy photons collide with heavy
nuclei, breaking them down into simpler particles a
process called photo disintegration. At the same
time, the enormous pressure forces electrons and

protons to come together into neutrons and
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neutrinos through electron capture. This quick

process, known as "neutronization," continues until
the core reaches nuclear density, where atomic
nuclei are tightly packed. The resulting neutron-
rich core ultimately stabilizes as a neutron star, one
of the most compact and dense objects known in
the universe. The star's outer layers, still moving



inward at extremely high speeds, crash into this
new, solid nuclear core. They bounce back, creating
a powerful shockwave, which is intensified by a
of This
shockwave tears through the remaining parts of

massive burst escaping neutrinos.

the star, pushing them into space in a magnificent

supernova explosion. What remains is the newly
formed neutron star: an ultra-dense remnant about
20 km wide that has more mass than our Sun. It
spins quickly due to the conservation of angular
momentum and has a massive magnetic field. This
marks the birth of a neutron star.

TYPES OF NEUTRON STARS

While all neutron stars share an extreme, ultra-
dense nature, they are not all identical. Depending
on factors like their rotation speed, age, magnetic
field strength, and environment, they manifest in
vastly different ways. The two most prominent and
fascinating types are pulsars and magnetars :

Pulsars: The Cosmic Lighthouses

Pulsars are highly magnetized, rapidly rotating
neutron stars that emit continuous beams of
electromagnetic radiation from their magnetic
poles. Because their magnetic axes aren't perfectly
aligned with their spin, these blinding searchlights

sweep across the vacuum of space.

Pulsar emitting powerful radiation beams (Image
Credits: NASA)

Magnetars: The Magnetic Monsters

Magnetar's intense magnetic fields. (Image Credits:
Quanta Magazine)

Magnetars are a specialized class of neutron stars
defined by their extraordinarily intense magnetic
fields, which can be up to a thousand times
stronger than a typical neutron star and trillions of
times stronger than Earth’s field. These immense
magnetic forces place the star's solid crust under
severe stress, leading to sudden, violent fractures
known as "starquakes."

When a starquake occurs, it releases a massive
torrent of  energy, intense,
unpredictable outbursts of high-energy X-rays and

resulting in

gamma rays across the cosmos.

LAYERS OF NEUTRON STAR

Neutron stars appear as compact celestial objects
from afar, they possess a highly structured interior
where their composition changes dramatically from
the surface to the core. Scientists study these
distinct layers to explore how matter behaves under
extreme conditions, to test the laws of nuclear
physics, and to better understand the evolution of
stars and galaxies. The interior structure is divided
into several distinct layers that vary by density and
composition as depth increases:

The Atmosphere: The Thin Outer Skin
The outermost layer of a neutron star is its
atmosphere. This atmosphere is surprisingly thin,
often only a few centimeters thick. The atmosphere
is made up of ionized gases, usually hydrogen or
helium, although heavier elements may also be
present based on the star's history. Due to the
intense gravitational field, atoms cannot exist in
their usual form. Instead, matter exists as plasma,
with electrons stripped from nuclei. Temperatures



in the atmosphere can exceed one million degrees
Celsius. The thermal radiation that escapes from
this layer gives important information about the
neutron star's temperature, magnetic field, and
chemicals.

Inside of Neutron Star (Image Credits:
Magazine)

The Outer Crust: A Crystal of Atomic
Nuclei
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Beneath the atmosphere lies the outer crust, which
extends to a depth of about one kilometer. At first
glance, this region looks like a huge crystal.
Atomic nuclei are packed tightly together in a rigid
lattice structure surrounded by a sea of highly
energetic electrons. These nuclei are much heavier
and and contain more neutrons than those found
on Earth. As you go deeper into the crust, the
density steadily increases. The pressure becomes so
great that electrons are pushed into higher energy
states. The nuclei become increasingly rich in
neutrons because electrons combine with protons
through electron capture. The outer crust shows
how ordinary matter gradually changes into exotic
matter under extreme pressure.

The Inner Crust: The Realm of Dripping
Neutrons

The inner crust goes from the bottom of the outer
crust to depths of one to two kilometers below the
surface. This area reveals one of the most
fascinating phenomena in neutron star physics:
neutron drip. As pressure increases, atomic nuclei
can no longer hold all their neutrons. Excess
neutrons start to escape from the nuclei and move
freely through the crust. As a result, the inner crust
contains three main components: Neutron rich

nuclei, A gas of free neutrons, Degenerate

electrons. Many of these free neutrons are thought
to form a superfluid. This strange behavior leads to
sudden changes in a neutron star's rotation rate,
known as pulsar glitches. Sometimes compared to
Swiss cheese , nuclear pasta can have a big impact
on the star's thermal conductivity, magnetic field
evolution, and seismic activity. Researching nuclear
pasta is still an ongoing area of study in modern
astrophysics.

The Outer Core: The Heart of the
Neutron Star

The outer core constitutes the majority of the
neutron star’s volume and contains most of the
star’s mass. Densities here are higher than those in
atomic nuclei. The stiff crust disappears, and is
replaced by a fluid dominated by neutrons. The
outer core is composed primarily of: Superfluid
neutrons, Highly
degenerate electrons, Muons at higher densities.

Superconducting  protons,
The exotic physics is caused by the superfluid
neutrons and superconducting protons.

The Inner Core: A Mystery Beyond
Nuclear Physics

The inner core of a neutron star is a realm where
the known laws of physics begin to fracture. At
these hyperdense depths, atomic nuclei are crushed
so violently that they dissolve, giving rise to
hypothetical, ultra exotic states of matter.
Scientists are locked in a debate over what truly
exists in this enigmatic heart: is it populated by
heavy hyperons, packed into a dense meson
condensate, or melted down into a pure quark

matter. The inner core remains one of the greatest

unsolved mysteries in modern astrophysics.
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A Supernova Remnant Powered by a Neutron Star
(Image Credits: NASA)



I CONCLUSION

Born from the violent deaths of massive stars, discovery brings us closer to understanding what
neutron stars are cosmic paradoxes tiny in size yet happens when matter is compressed beyond
unimaginably powerful. Their extreme gravity, ordinary imagination, making neutron stars one of
intense magnetic fields, and mysterious interiors the most intriguing subjects in modern
push the laws of physics to their limits. Every new astrophysics.

Things changed with the discovery of neutron stars and black holes objects with gravitational fields so

intense that dramatic space and time warping effects occur.

-Written by Suhani Sahu
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